In orthopedic field, various new treatments of articular cartilage defect, for example autogenous osteochondral grafts, have been developed. With the spread of these treatments, orthopedists began to focus on the mechanical properties of recovered articular cartilage. The quantitative evaluation of articular cartilage before and after these treatments gives orthopedists the important information to improve these treatments and develop new treatments. We have been investigating the non-contact ultrasonic evaluation for articular cartilage under arthroscopy. In this paper, it was hypothesized that the ultrasonic evaluation depended on the collagen fiber in cartilage. The enzymatically degradation of collagen fiber in cartilage surface was performed. The effect of the degradation on sound velocity, attenuation coefficient and signal intensity, which is the index of cartilage stiffness calculated from the proposed method, was measured. The numerical analysis was performed to clear the relation between the cartilage character and ultrasonic parameters. Experimental and numerical results suggest that the present method can be expanded the sensitive evaluation for cartilage disease in clinical field.
Introduction
Articular cartilage is located at the end of joints to assist in smooth movement between bones and to sustain the great load accompanying their motions. This tissue is known to have poor self-repair capability and once degenerated by osteoarthritis or other disease there is no existing treatment for repair. Recent advances have led to various treatments being attempted for articular cartilage damage and their effects have been evaluated.
In the orthopedic field, the arthroscope, which is a low-invasive endscope used in the field, has been widely used to check the articular cartilage directly. Since it is difficult to observe articular cartilage quantitatively in the narrow space of the cavitas articularis, specialists used to check surface cracks and to estimate the Young's modulus of articular cartilage by feeling reaction force in contacting the cartilage using a fine metal bar. These methods do not allow easy quantitative determination of the conditions of articular cartilage, however, and it is impossible to collect information of suitable quality to match recent improvements in treatment.
For the quantitative evaluation of articular cartilage, an index called the aggregate modulus (1) is used. This is an equivalent of Young's modulus for the solid phase of articular cartilage and can be measured by an indentation test (2) , (3) . The aggregate modulus is reported to vary with the degeneration of articular cartilage (4) . With this index, articular cartilage can be evaluated quantitatively.
There is a growing need for a method that can quantitatively evaluate under arthroscopy the changes in aggregate modulus and thickness occurring in articular cartilage degeneration stage and repair stage to provide important clinical indexes indicating the conditions of articular cartilage. Töyräs et al. (5) developed an device which indentation testing can be performed in a joint. Uchio et al. (6) evaluated regenerated articular cartilage, based on the phenomenon that the Young's modulus of a test object affects the resonance frequency of the ultrasonic tactile sensor. These methods enable articular cartilage to be measured in terms of hardness but not thickness, which is one of the most important clinical indexes.
With this background, we introduced a method where ultrasonic waves were irradiated onto the articular cartilage and wavelet transform was applied to reflected waves from the articular cartilage surface. The method we propose for quantitative evaluation of articular cartilage is based on the correlation between the maximum intensity (hereinafter, signal intensity) and the aggregate modulus of the articular cartilage (7) , (8) . This method allows noncontact, minimally invasive measurement using an ultrasonic transducer that transmits ultrasonic waves and receives them from the surface of the articular cartilage. The ultrasonic waves are reflected from boundaries of different acoustic impedance; reflected waves can be obtained from the articular cartilage surface and the subchondral bone (tissue at the lower part of the articular cartilage). The time intervals of between the reflected waves are correlated to the thickness of the articular cartilage (8) . However, it was previously unclear which regions of the articular cartilage and what characteristics could be evaluated by this method, which is clearly important for clinical application. It has been reported that collagen fibril in articular cartilage greatly affects ultrasound measurement (17) . In this study, we reproduced degenerated articular cartilage by digesting collagen fibril in articular cartilage according to the method of Takenaka and Hattori et al. (9) , (11) From the relation between the degenerated articular cartilage and the signal intensity, the proposed method was characterized. In addition, changes in the sound velocity, attenuation coefficient, which have been considered as typical indexes of articular cartilage condition, were investigated and compared among evaluation methods.
Experimental Method

1 Articular cartilage specimens
Articular cartilage collected from the patellar surfaces of the femur of porcine knee joints were used as specimens. The porcine knee joints were stored at −28
• C and thawed at room temperature from 24 hours before the experiment. After the thawed porcine knee joints were checked to ensure there was no damage to their joint capsules, articular cartilage 8.0 mm in diameter were cut cylindrically from the patellar surfaces of the femur including the subchondral and cancellous bones (plug specimens). By digesting the collagen fibril in articular cartilage with collagenase, the articular cartilage can be degenerated to simulate joint disease (10) . Collagenase was dissolved into Phosphatase Buffered Saline (PBS) at a density of 30 units/ml to prepare an enzyme solution. Using this enzyme solution, the articular cartilage specimens were treated for 0, 0.5, 1, 2, and 4 hours. Enzyme treatment was performed in a water bath maintained at 37
• C. Treatment with this enzyme solution led to digestion of the collagen fibril from the surface (10) , (11) . Four-hour treatment was sufficient to digest collagen fibril over a region of about 500 µm from the surface of the articular cartilage (the thickness of the specimen: about 1.0 mm). The treatment time in this study was determined such the early stage of degenerated articular cartilage was simulated. The effect of collagenase treatment on signal intensity was investigated.
For measurement of the sound velocity and attenuation coefficient, only the articular cartilage was cut out and the top and bottom were trimmed by tens of microns using a microtome. A disk-shaped specimen (disk specimen) was fabricated such that the superficial and deep zones were parallel (see Fig. 1 ).
2 Ultrasonic wave test
To measure the signal intensity of waves reflected from the articular cartilage, the measuring device shown in Fig. 2 was used. The ultrasonic transducer has an effective diameter of 2.0 mm and outputs flat waves (center frequency was 10.0 MHz). Upon irradiation of the articular cartilage with ultrasonic waves, the waves reflected from the articular cartilage surface and the boundary between articular cartilage and subchondral bone can be obtained (Fig. 3) . For processing, a wavelet transform is applied to the reflected waves. In this study, the Gabor function shown in Eq. (1) was used as the mother wavelet.
where ω p is the center of frequency and γ is the frequency bandwidth. In this study, ω p was set to 40 MHz and γ to 5.336. The γ values were selected to approximately satisfy the Gabor function as γ = π √ 2/ln2 ≈ 5.336 and can be used as the mother wavelet (12) . After wavelet transform, the signal intensity was calculated as the maximum intensity of reflected waves from the articular cartilage surface.
To measure the sound velocity v and the attenuation coefficient α, we measured a disk specimen by the device shown in Fig. 4 . Upon irradiating the specimen with ultrasonic waves, the reflected waves shown in Fig. 5 were obtained. Echoes A, B, and C show waves reflected from the superficial zone of the articular cartilage, the deep zone of the articular cartilage, and a stainless-steel plate, respectively. If the thickness T of the disk specimen is given, the sound velocity v can be calculated from the time interval dt of Echoes A and B as follows: From Echo C obtained with the disk specimen (waveform Cs(t) and its Fourier transformCs( f )) and Echo C obtained without the disk specimen (waveform Cr(t) and its Fourier transformCr( f )), the attenuation coefficient α can be calculated as follows (13) :
The attenuation coefficient of bio-tissue including articular cartilage is almost linear to the frequency as shown in Fig. 6 (14) . In this study, the attenuation coefficient was employed at the center frequency of the reflected waves.
3 Numerical analysis and analysis model
Numerical analysis was performed to check how property changes in articular cartilage by enzyme treatment would affect the ultrasonic evaluation. The propagation of ultrasonic waves is expressed by wave equations as follows:
where ρ is the density, t is the time, P is the sound pressure, and α is the attenuation coefficient. K is the square of the sound velocity × density. Using a displacement u, V can be expressed as V = ∂u/∂t. When solving these wave equations using a low-degree finite difference method, it is difficult to obtain an accurate solution if the object of analysis is much greater than the wavelength. Wojcik et al. (15) proved that the terms ∂P/∂x and ∂V/∂x in Eq. (4) could be calculated precisely by the pseudospectral method using FFT and showed that the propagation of ultrasonic waves could be analyzed accurately even with a largescale model. The pseudospectral method using FFT is used under the periodic boundary condition. In this study, a perfectly matched layer (PML) (16) was set at the boundary of the object of analysis to remove this restriction. The influence of changes in the properties of articular cartilage on the propagation of ultrasonic waves through articular cartilage was analyzed using the method proposed by Wojcik et al.
Articular cartilage is measured in saline. Tissue near the joint has a layered structure composed of articular cartilage, subchondral bone, and sponge bone. The analytical model was shown in Fig. 7 . The grid pitch of the analytical model was 0.015 mm (analytical area: 512 × 256 grid) and the time interval was 2.0 ns. The ultrasonic transducer converts a sound pressure into a voltage for display on an oscilloscope. Based on the waveform, the articular cartilage is evaluated. In Fig. 7 , in the analysis model, the receive area of 2.0 mm wide, which equal to the diameter of the ultrasonic transducer actually used, was set. The total sound pressure in this area was regarded as the reflected ultrasonic wave measured by the transducer. For the incident wave, the actual ultrasonic transducer wave- (17) .
4 Property distribution in numerical analysis
where D (m 2 /h) is the diffusion coefficient. When articular cartilage is considered as a semi-infinite material and the initial collagenase density is 0.0 (-) in the articular cartilage and 1.0 (-) in the enzyme solution as shown in Fig. 8 , the collagenase density in the articular cartilage becomes:
is the Gaussian error function. When collagenase immediately begins digesting collagen fibril in the articular cartilage and the amount of collagen fibril in the articular cartilage is 1.0 (-), then 1 − G enz (x,t). When considering time taken for digestion, the collagen fibril distribution F col (x,t) in articular cartilage is determined as follows:
The propagation of ultrasonic waves depends on the acoustic impedance of (sound velocity) × (density). Since collagen fibril has the largest acoustic impedance in the articular cartilage, its distribution largely affects propagation (17) . About 70 -80% of articular cartilage is water. Of the remaining 20% solid, collagen fibril accounts for 60%. Therefore, articular cartilage will be acoustically almost identical to water if its collagen fibril is digested. The acoustic parameter Ap of sound velocity and density in the articular cartilage was assumed to be expressed as follows:
Ap cartilage in this equation is an acoustic parameter for the sound velocity, attenuation coefficient or density in articular cartilage as shown in Fig. 7 . Ap saline expresses that of saline. As an example, Fig. 9 shows the distribution of sound velocity when t was changed. Since, in experimental study, the collagen fibril was digested down to about 
5 Clinical evaluation using ultrasound
At the Annex Hospital of Kyoto University, the signal intensity of degenerated articular cartilage was evaluated at total knee arthroplasty for patients from October 2001 until March 2003. Informed consent for the evaluation was taken from patients. Nine knees were measured in total and data was collected from 19 to 36 points on each knee. The measuring positions were the patella, femur, and tibia. At each of these positions, the relationship between the degree of articular cartilage damage and the signal intensity was evaluated. The degree of articular cartilage damage was evaluated according to the classification of cartilage degeneration (18) by the lnternational Cartilage Repair Society (ICRS), a method for evaluating macroscopic damage used in general clinical application. The definition is as follows:
Grade 0: Normal cartilage Grade 1: Damage or changes to the superficial layer only Grade 2: Damage or changes to half of the cartilage layer Grade 3: Damage or changes to over half of the cartilage layer Grade 4: Cartilage lost and subchondral bone exposed For measurement using ultrasound, saline is required between the ultrasonic transducer and the articular cartilage, as in the device shown in Fig. 10 . This device can continuously supply saline between the transducer and articular cartilage. 
1 Experiment of enzyme treatment
Figures 11 to 13 show the changes in three indexes (signal intensity, sound speed and attenuation coefficient) over enzyme treatment time. The signal intensity decreased in proportion to the treatment time. Between 0 h and 4 h, the signal intensity decreased by 72.4% (p < 0.05); from 4.08 ± 0.52 at 0 h to 1.12 ± 0.52 at 4 h. The sound velocity showed a slight increase of 0.86% (p < 0.05) over treatment time, from 1 625.9 (±21.0) (m/s) at 0 h to 1 639.8 (±32.4) (m/s) at 4 h. The attenuation coefficient showed a decrease of 16.2% (no significant difference) from 107.8 (±56.7) (1/m) at 0 h to 89.8 (±54.6) (1/m) at 4 h. Compared with signal intensity, the sound velocity and attenuation coefficient were less affected by enzyme treatment. The results showed that the signal intensity is a very sensitive index to changes in the articular cartilage surface properties (digestion of collagen fibril by enzyme treatment). Figure 14 shows the ultrasonic wave propagation at F col (x,0) (the acoustic parameters in the articular cartilage are constant). Ultrasonic waves from the transducer propagate to the right (t = 0.6 µs) and the waves reflected from the articular cartilage surface then begin to travel to the transducer (t = 1.2 µs). Over time, waves reflected from the subchondral bone also travel to the transducer (t = 1.8 µs). From this figure, it can be seen that the signal intensity of waves reflected from the articular cartilage surface is greatly affected by the surface as the waves are generated at the interface between saline and the articular cartilage. Figure 15 shows the variation in signal intensity with t as described by Eq. (7). In Fig. 11 , the signal intensity de- creases linearly with increasing t. As shown in Fig. 9 , the acoustic parameter distribution used for numerical analysis varies near the articular cartilage surface with increasing treatment time.
2 Analytical results
The relation between these indexes and the average value of the collagen fibril distribution function F col in the region located one wavelength from the articular cartilage surface (1 600 (m/s)/10.0 MHz = 160 µm) was shown in Fig. 16 . These indexes were normalized when time was 0 hour. Compared with the sound velocity and attenuation coefficient, the signal intensity decreased largely. The attenuation coefficient and sound velocity decreased by 5.1% and 0.36%, respectively. These results were similar to the experimental results. Figure 17 shows the results of clinical evaluation. In this figure, Grade 4 is omitted from the results because articular cartilage is lost completely. From Fig. 17 , the signal intensity decreased with the progression of dam- Fig. 17 Relation between signal intensity and cartilage damage age. The signal intensity was much lower for cartilage at the initial stage of degeneration (Grade 1) than for normal cartilage (Grade 0). However, the difference in signal intensity was smaller between Grade 1 and Grade 2 and there was no difference between Grade 2 and Grade 3.
3 Clinical evaluation results
Discussion
In this study, we performed experiments and analysis to characterize the signal intensity and identify the region where the signal intensity evaluates. From numerical analysis, the signal intensity was found to be sensitive to changes in the acoustic impedance near the articular cartilage surface. In the experimental study, the influence of collagen fibril in the articular cartilage linearly decreased from the start of enzyme treatment. Since enzyme treatment led to digest collagen fibril from near the articular cartilage surface (9) , (11) , these results suggested that the signal intensity reflected the amount of collagen fibril near the articular cartilage surface.
In articular cartilage, collagen fibril bears tensile stress and proteoglycan bears compressive stress. Collagen fibril forms a network and proteoglycan is constrained in the network. If collagen fibril is lost, therefore, proteoglycan cannot remain in the articular cartilage and it leads to wide changes of the mechanical properties of the articular cartilage and the aggregate modulus decreases largely (11) , (19) . In our previous work (8) , (11) , the signal intensity was significantly correlation to the aggregate modulus, which is an equivalent to Young's modulus for articular cartilage. From the present study, more accurately, it directly reflected the amount of collagen fibril near the surface and the aggregate modulus was indirectly estimated from the amount of the collagen fibril.
In the results of clinical application, the greatest change was observed between Grade 0 (intact cartilage) and Grade 1 (slightly damaged cartilage). As the ICRS classification method (18) indicates, the degeneration of articular cartilage in joint disease occurs near the surface. From the results of experiment and analysis, it was clear that the presented method did not measure the mechanical properties of the articular cartilage directly but reflected the surface properties of the articular cartilage. The clinical evaluation results suggested that this method was suitable for diagnosing the early stage of joint disease.
Evaluation methods of articular cartilage using ultrasonic waves are under study using various parameters including the sound velocity and attenuation coefficient. Myers et al. (20) and Töyräs et al. (21) measured the thickness of articular cartilage in advance and then measured the sound velocity from the times of flight of ultrasonic waves from the articular cartilage surface and subchondral bone. They observed a significant decrease in sound velocity-from about 1 650 m/s in intact cartilage to about 1 550 m/s in degenerated articular cartilage.
Senzig et al. (22) reported the average attenuation coefficient from 10 to 40 MHz was the range between 300 (1/m) and 720 (1/m) and lower at the region of the patello-femoral joint close to the femur-tibio joint. Agemura et al. (17) observed articular cartilage under a 100 MHz acoustic microscope and reported the attenuation coefficient of articular cartilage depending on the amount of proteins in articular cartilage and the cross-link between collagen fibril.
In evaluation of articular cartilage based on the sound velocity and attenuation coefficient, however, the thickness of articular cartilage needs to be measured in advance or a large device with several transducers is necessary. Moreover, compared with cartilage degeneration, the rates of change for these measured values are as small as 10% or less (20) , (21) . Contrary, in evaluation using the signal intensity, the articular cartilage thickness or other information is not necessary and a small device with one transducer is sufficient. As shown in Fig. 11 , the signal intensity of degenerated articular cartilage changes greatly.
The measuring method proposed in this study uses only one transducer, allowing the device to easily be made compact. A waveform input to a personal computer (PC) is processed by real-time wavelet transform algorithm and can be displayed on the PC as a wavelet map to present the articular cartilage information to the doctor. As Fig. 3 shows, a wavelet map is an intuitive aid in recognizing an ultrasonic waveform visually (8) and is suitable for clinical application. This measuring method has been mainly used at total knee arthroplasty and single-point measurement takes several seconds including probe position adjustment. Because of these characteristics, we consider that the signal intensity measurement appropriates for quantitative diagnosis especially at the early stage of joint disease. It has also been pointed out that the amplitude and other characteristics of the reflected waves differ according to the shape and surface roughness of the articular cartilage (8) , (23) . In future, we plan to investigate correlation between the signal intensity and various clinical indexes and to enhance the accuracy of the diagnostic method and device.
Conclusion
For quantitative evaluation of articular cartilage under arthroscopy, we proposed a method to process the reflected ultrasonic waves from articular cartilage by wavelet transform to obtain the signal intensity. To clarify the properties of articular cartilage which are reflected by the signal intensity, we performed an in vitro experiment and numerical analysis simulated joint disease. We also measured the articular cartilage of human knee joints clinically to verify the results of experiment and analysis. Consequently, it was found that signal intensity was greatly affected by the amount of collagen fibril near the articular cartilage surface. This indicates that the early stage of joint disease can be evaluated with high accuracy.
